We investigate beam loading and emittance preservation for a high-charge electron beam being accelerated in quasi-linear plasma wakefields driven by a short proton beam. The structure of the studied wakefields are similar to those of a long, modulated proton beam, such as the AWAKE proton driver. We show that by properly choosing the electron beam parameters and exploiting two well known effects, beam loading of the wakefield and full blow out of plasma electrons by the accelerated beam, the electron beam can gain large amounts of energy with a narrow final energy spread (%-level) and without significant emittance growth.
I. INTRODUCTION
Beam driven plasma wakefield accelerators [1] have the potential to offer compact linear accelerators with high energy gradients, and have been of interest for several decades. With a relativistic charged particle drive beam travelling through a plasma, a strong wakefield is excited that can be loaded by a trailing witness beam. When the witness beam optimally loads the wakefield, an increase in absolute energy spread can be kept small. The concept has been demonstrated experimentally in the past using electron drive beams accelerating electron witness beams [2] [3] [4] [5] .
A major challenge with plasma wakefield accelerators is, however, to accelerate a beam while keeping both energy spread and emittance growth small. In the well described linear regime, valid when the beam density n b is much smaller than the plasma density n 0 , a non-linear transverse focusing force causes emittance growth of the witness beam. The beam also sees a transversely and longitudinally varying accelerating field causing a spread in energy after the beam has been accelerated [6] . In the non-linear regime, where n b > n 0 , a bubble is formed by the transverse oscillations of the plasma electrons, gathering in a sheath around an evacuated area filled with only ions. The ions, assumed stationary, form a uniform density ion channel creating a focusing force that varies linearly with radius. This focusing force preserves emittance [7] .
In this paper we present simulation results showing how emittance preservation of a high charge density witness beam can be ensured when accelerated by a proton drive beam producing quasi-linear wakefields [8] . By quasi-linear wakefields we here mean wakefields with only partial blow out of the plasma electrons in the accelerating structure (bubble). The key idea is to have enough charge in the witness beam to at the same time load * v.k.b.olsen@cern.ch the wakefield to produce low relative energy spread, and completely blow out the electrons left in the accelerating structure after the beam to reach conditions that preserves emittance. The results have importance for the preparation of AWAKE Run 2 [9] , and possibly other applications in the quasi-linear regime. The energy carried by electron drive beams used in previous plasma wakefield experiments have been on the order of 100 J and the propagation length typically no more than 1 m [3, 11] . For high-energy physics application a higher total beam energy is often desired. For instance, the energy of a high-charge electron beam accelerated to 1 TeV with 1 × 10 10 electrons, similar to the beam that could be produced by the International Linear Collider, is 1.6 kJ. Using electron beams as drivers, a large number of plasma stages is required to reach an energy of a kJ for the accelerated beam. However, staging plasma accelerators without reducing the effective gradient and spoiling the beam quality is challenging [12, 13] .
Proton beams available at CERN carry significantly more energy than available electron beams, 19 kJ for the SPS beam [14] , allowing for much longer plasma wakefield accelerator stages. The SPS beam is orders of magnitude longer than the plasma wavelengths needed arXiv:1710.04858v1 [physics.acc-ph] 13 Oct 2017 for such applications, and it does not drive a strong wake [14] . By letting the proton beam undergo selfmodulation before injecting the witness beam into the accelerating structure, stronger wakefields are excited. The self-modulation is produced by the transverse fields generated by the beam acting upon itself, causing regions of the beam to rapidly defocus [15] . The modulation frequency is close to that of the plasma electrons, and produces a train of short proton bunches along the beam axis with a surrounding halo of defocused particles. This train of bunches resonantly drives wakefields to large amplitudes.
AWAKE at CERN is a proof of concept proton beam driven plasma wakefield accelerator experiment [16] , currently in its first phase of operation. The experiment uses a 400 GeV proton beam delivered by the SPS as its driver, and a single 10 m plasma stage with a nominal plasma density of 7 × 10 14 cm −3 [14] . This plasma density corresponds to λ pe = 1.26 mm and is matched to the transverse size of the proton beam such that k pe σ x,y,pb = 1 [17] , where k pe = 2π/λ pe is the plasma wave number, λ pe = 2πc/ω pe , and ω pe = n 0 e 2 /m e 0 1/2 is the plasma electron angular frequency. The aim of the first phase of the experiment is to demonstrate self-modulation of the proton beam. The aim of the second phase, in 2018, is to sample the wakefield with a long electron beam ( λ pe ). The study presented here has relevance for Run 2 [9] , starting in 2021 after the LHC long shutdown 2, and aims to demonstrate acceleration of a short electron beam ( λ pe ) to high energy and with a minimal increase in emittance and absolute energy spread.
The plans for AWAKE Run 2 propose to use two plasma sections, as illustrated in Fig. 1 . The first section of about 4 m is the self-modulation stage where the proton beam undergoes self-modulation without the electron beam present. The electron witness beam is then injected into the modulated proton beam before section two where it undergoes acceleration. The self-modulated proton beam does not produce a fully non-linear wakefield, and therefore not all plasma electrons are evacuated from the plasma bubble. The result is that the focusing force does not increase linearly with radius and the accelerated beam emittance is not preserved.
II. METHOD
The focus in this study is on the beam loading of the wakefields driven by the proton beam. Studies of selfmodulated proton beams show that the beam evolves as it propagates through a uniform plasma [18] , but small variations in the plasma profile the modulation, and thus the wakefields, may be stabilised over long distances [18] [19] [20] . To study the witness beam evolution in a stable wake, independent of the dynamics of the selfmodulation, we use a single, non-evolving proton bunch as driver. The proton beam parameters are chosen so that key features of the wake -the plasma electron density in the wake and the longitudinal electric field -are the same as in the wake of a self-modulated proton beam with AWAKE baseline parameters [14] . Both the proton beam and the witness beam have Gaussian longitudinal charge distribution and bi-Gaussian transverse charge distributions.
We have previously studied the beam loading in a proton beam wake using the full particle-in-cell (PIC) code OSIRIS [21] with 2D cylindrical-symmetric simulations. The studies [10, 22] primarily looked at beam loading, energy gain and energy spread, as well as different approaches to creating a stable drive beam structure based on previous self-modulation studies. In order to study the witness beam emittance evolution we use the recently released open-source version of QuickPIC [23, 24] . QuickPIC is a fully relativistic 3D quasi-static PIC code. It does not suffer from the numerical Cherenkov effect that full PIC codes do [25, 26] , making it a well suited tool to study emittance preservation. All simulation results in this paper were obtained using QuickPIC opensource [27] . 
A. Drive Beam Parameters
The modulation process used in AWAKE does not reach the fully non-linear regime and thus does not produce a bubble void of plasma electrons. When the SPS beam, containing 3 × 10 11 protons [14] , enters the second plasma section ( Fig. 1) , the peak electric field is expected to be about 500 MV/m. The plasma electron density is only depleted to around 65% of nominal value at the point where we inject the electron beam [28] . The plasma electron density depletion and the peak field are replicated using a single bunch with 1.46 × 10 10 protons (2.34 nC), a length σ z = 40 µm (7 kA), and a transverse size σ x,y,pb = 200 µm. The beam peak density is 0.83 · n 0 and results in a quasi-linear wake. To avoid transverse evolution of the proton driver, emulating the stable propagation of the self-modulated beam [18] [19] [20] , we freeze the transverse evolution of the equivalent proton bunch by increasing the particles mass by six orders of magnitude.
B. Witness Beam Parameters
In order to prevent large amplitude oscillations of the witness beam particles, which may cause additional energy spread as well as emittance growth, we consider a witness beam matched to the plasma density. The matched beam transverse size [29] is:
We assume an initial normalized emittance of N = 2 µm. This emittance is possible to produce with a standard RF-injector, while at the same time yielding a sufficiently narrow beam.
Beam loading by a short witness beam is sensitive to its position relative to the electric field [30] as well as, at low energy, to its de-phasing with respect to the wakefields. To eliminate de-phasing of the witness beam, the initial beam energy is set such that γ eb = γ pb = 426.3, giving an energy of 217 MeV. A lower initial energy is likely to be sufficient for AWAKE Run 2 injection. Equation (1) yields a transverse size σ x,y,eb of 5.25 µm, which is narrow compared to the drive beam σ x,y,pb = 200 µm. The bunch length was set to σ z = 60 µm based on earlier beam loading studies [22] . The charge is adjusted to 100 pC for optimal beam loading, as discussed in the next section. We refer to the defined drive beam and witness beam parameter set as the base case. Figure 2 shows the two beams -the proton beam in blue, the trailing electron beam in red, and the plasma electron density in grey -from a QuickPIC simulation of the initial time step, for the base case parameters.
C. Simulation parameters
The relatively small size of the witness beam puts constraints on the transverse grid cell size and number in the simulations. We need a small size to resolve the narrow electron beam, and a large number of grid cells to resolve the much wider proton beam and its wakefields. We use a transverse grid cell size of 1.17 µm, and of 2.34 µm for the longitudinal grid cells for the simulations presented in section III. The witness beam was simulated with 16.8 × 10
6 and the drive beam with 2.1 × 10 6 non-weighted particles, and the plasma electrons with 1024 × 1024 weighted particles per transverse slice. III. BEAM LOADING Figure 3 shows the results of QuickPIC simulations of the initial time step for the base case parameters. The E z -field generated by the proton drive beam is seen as the blue line, shown with and without the electron beam present. With a proton beam density n pb n 0 , the wakefields are in the quasi-linear regime [8] . The dashed green line in the lower part of Fig. 3 shows that the on-axis plasma density has a depletion to 67%, close to what we see in full scale reference simulations for AWAKE Run 2 [28] .
The witness beam generates its own wakefield that loads the E z -field generated by the drive beam. With an ideally shaped electron beam charge profile it is possible to optimally load the field in such a way that the accelerating field is constant along the beam [6, 30] . Gaussian beams, as assumed in these studies, cannot completely flatten the electric field in the tails of the charge distribution, and our base case beam therefore has a tail in energy both at the front and the back of the beam, as illustrated in Fig. 4 . The bulk of the beam, however, sees a relatively flat field.
The initial electron beam density is n eb ≈ 35 · n 0 . This means that the witness beam's own wakefield is in the fully non-linear regime, where the space charge force is sufficient to blow out all plasma electrons, resulting in the formation of a pure ion column (see Fig. 3, bottom) . This ion column, as is well known [7] , provides a linear focusing force on the part the electron beam within the column, and therefore prevents emittance growth for this part of the beam. This bubble and the focusing force is shown for our base case in Fig. 2 . The focusing field has a gradient of 20 kT/m near the beam axis, corresponding to the matched field gradient. Figure 5 shows the slice emittance along the beam for the base case, sampled after propagating through 0, 4, 40 and 100 m of plasma. We define emittance of a slice as preserved if the growth is less than 5%, and Q as the sum charge of the slices for which the emittance is preserved. Simulation results show that Q/Q = 73% of the electron beam longitudinal slices retain their initial emittance after the propagation in the plasma. The total (projected) emittance of these slices combined is also preserved. Emittance growth mainly occurs in the first few metres, and no significant emittance growth is observed after this for propagation lengths up to 100 m. The head of the beam does not benefit from the full ion column focusing, but since the proton beam creates a quasi-linear wake, the emittance of the head of the beam still sta- bilises after some time. For the 100 m simulation, the drive beam energy was increased to 7 TeV (LHC energy) to prevent de-phasing, as de-phasing starts to become a significant effect for the SPS beam of 400 GeV after about 50 m. So far we have considered a witness beam injected on the axis of the proton beam. We now briefly examine the case of injection of a witness beam with an offset with respect to the proton beam axis. Since the witness beam creates its own plasma bubble, the emittance of the part of the beam inside that bubble is not affected by small transverse offsets of the witness beam with respect to the proton beam axis. This is illustrated in Fig. 5 , right, for an electron beam offset of one σ x,eb . Emittance preservation for small offsets is an added benefit of this accelerating regime, and may ease transverse injection tolerances. The head of the beam experiences a larger initial emittance growth than for the on-axis case (compare Fig. 5 , left, to Fig. 5, right) . However, also for the head of the beam the emittance growth ends after the first few metres. Figure 6a -c show the phase space of the head of the electron beam after 0, 1.0 and 2.5 m, while Fig. 6d-f show the phase space of the trailing part of the beam. The centroid oscillations of the head and the trailing part are shown in Fig. 6g . This effect of a transverse offset is greater for larger offsets as the beam oscillates around the axis of the drive beam wakefield.
The transverse beam size within the bubble, where normalised emittance is preserved, follows the evolution given by Eq. 1; that is, evolves to stay matched. The onaxis density of the electron beam, as a result, increases as its gamma factor increases and its transverse size decreases. This effect can be seen in Fig. 6h . This has the potential to cause overloading of the field. However, for the base case no significant overloading is observed.
Parameters can also be chosen in order to minimise this effect by slightly underloading the wakefield at first, and let the high energy beam overload the wakefield at the end.
IV. PARAMETER OPTIMISATION
The beam loading and blow out properties of the electron beam depend on a large number of parameters, including longitudinal profile, transverse profile, as well as relative phasing of the proton and the electron beams. We present a limited parameter study aimed to guide beam parameter choices for AWAKE Run 2. For an electron beam to be externally injected in AWAKE Run 2 (see Fig. 1 ) it is desired to maximise the energy gain, minimise the energy spread, maximise the charge to be accelerated, and minimise the emittance growth [9] . In addition, the beam length should be such that it is possible to generate and transport the beam using a compact electron injector [9] . We investigate the interdependence of these parameters in simulation by varying the electron beam length, its charge, and initial emittance. The results are quantified in terms of how much of the beam retains its initial emittance. For these parameter scans we used a transverse grid cell size of 2.34 µm, and let the beams propagate through 4 m of plasma. Figure 7 shows the dependence of charge and energy spread on witness beam length and incoming charge. An initial beam emittance of 2 µm was used. Therefore, we define the fractional charge Q as the charge whose emittance remains smaller than 2.1 µm. The beam charge ranges from 10 pC to 300 pC, and σ z ranges from 40 µm to 100 µm. As can be seen from Fig. 7 (red curves), both the 40 µm and the 60 µm beams have a well defined minimum energy spread with an initial beam charge ≈ 50 pC and ≈ 100 pC, respectively. Lower beam charges tend to underload the electric field, while higher beam charges tend to overload it. It is also clear that longer beams with respect to the accelerating phase of the field, ≈ λ pe /4, do not optimally load the wake, thus producing a larger spread in energy. The blue curves show the fraction of charge whose initial emittance is preserved (the slice emittance for the base case is shown in Fig. 5 ). As the witness beam charge increases, the fraction of slices with preserved emittance increases -as expected from an earlier onset of the bubble formation -and also increases in the bubble size [31, 32] . We note here that operation with 100 pC leads to a significantly larger charge (factor ∼ 4) with emittance preserved, at the expense of an increase of relative energy spread by a factor of two. Figure 8 shows the dependence of mean energy gain on beam length and beam charge (red curves). The blue curves show the amount of charge in the longitudinal slices where the emittance has been preserved, as a function of beam length and beam charge. The results are weakly dependent on the electron beam length. As expected, a larger value of Q corresponds to a lesser energy gain. No optimum is observed. Figure 9 shows how the growth in emittance and energy spread varies with initial electron beam emittance. In these simulations we adjusted the witness beam radius to maintain the matching condition at each emittance. The smaller the initial emittance is, the better the emittance is preserved. There are two effects that lead to emittance growth for high initial emittance beams: the transverse beam size may increase beyond the size of the bubble, and the beam density may be reduced so much that the plasma electrons are no longer fully evacuated from the bubble. Emittance values higher than a few micrometres lead to a significant increase in both emittance and energy spread.
Our base case showed some robustness to a small offset from the proton beam axis on the order of one σ x,eb , but with a reduction of the fraction of the beam which retains its initial emittance. Figure 10 shows the correlation between this ratio for a range of offsets up to 16.8 µm, corresponding to 3.2 · σ x,eb . The effect on the head of the beam, shown in Figs. 5 and 6, increases with larger offsets causing the part of the beam being defocused to extend backwards to the point where the witness beam wakefields are no longer in the blow-out regime. At around 3 · σ x,eb emittance is no longer preserved at all.
The optimal working point will depend on the application and must be studied for each case and is, as illustrated in this section, a trade off between beam length, beam charge and emittance preservation, as well as other parameters like the plasma density.
V. CONCLUSION
We have devised a method to accelerate an electron witness beam to high energy with a low relative energy spread while maintaining its incoming emittance in wakefields such that the accelerating structure is not void of plasma electrons. This is the case for the AWAKE experiment in which the wakefields are driven by a train of proton bunches produce by self-modulation of a long proton beam. This method is in principle applicable to all experiments operating in the quasi-linear regime. Low relative energy spread and emittance preservation are achieved by choosing the electron beam parameters to load the wakefields and evacuate the remaining plasma electrons from the accelerating structure.
Parameter studies indicate that for up to a few 100 pC, about 70% of the incoming beam charge is accelerated for beam of lengths of 40 − 60 µm. Such electron beams may be generated by an injector based on a standard RF photo-emission gun [33] .
In order to use manageable computer time for simulations, this study assumes a simplified case with respect to a self-modulated proton beam, where the wake is driven by a single, short proton bunch producing similar wakefields. However, the wakefields driven by a train of bunches evolve with the ramp of a real plasma and when entering the plasma. Therefore, to be fully applicable to an experiment such as AWAKE, the study will have to be redone with more realistic parameters. However, using loading of the wakefields and the pure plasma ion column fields to produce an accelerated beam with low relative energy spread and emittance remains applicable.
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